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ABS'I'HACr . 

; Semi-batch experiments were .carried 
copper minerals from an ore sample received 
Copper Deposit. - Leeds open- top cell# v^ich 
control over impeller speed# air flow rate# 
scraping depth# was used for these .studies, 
reproducible results with less scatter. 

Detailed studies were made on the effect of various 
process and control variables such as grinding time, particle 
size, pH^ collector and frother quantities# impeller speed# and 
aeration rate on flotation behaviour. The flotation recovery 
was optimal in the size range -IOO 1 - 2 OO mesh# decreasing 
erably in both coarser and finer sizes. In the -200 mesh size^^ 
fraction# the recovery was only about 70 percent explaining v4iy 
the recovery sharply decreased with increasing grinding time. 

The copper recovery improved with 'increase in pri. similarly 
increase in collector and f ro'ther .quantities also; increased; 
recovery. In : the case of rpm# - there was an increa:se :in copper - ' . 
recovery initially# which got - stabilised afterwards. I Similarly^ ' 
as aex'ation was increased the copper recovery showed an improvement. 

'The experimental results were analysed using a kinetic 
model with distributed rate constant. Estimation of the flotation 
rate distribution was carried out using a method which involved 
nxjmerical Inversion of Laplace transform using Lobatto quadrature 
formula. The results are presented and discussed in the light of 
how the cumulative flo.tation rate distribution is affected, under 
various process and equipment ^nditions*.'- - 

Experiments' copidueted slmiulitting ' the rougher- scavenqe'xN- 
cXe'aner stages ^owed hoe ' the .. f Ictsitl^h ' rft'te distributions, varied 
in all these stages* ’■ 

A detailed literat\jxe survey- ’oni flotation kinetics is 
al sc ''presented. 


out on flotation of 
from i'ialanjkhand 
provides excellent 
pulp level and froth 
'The cell gave highly 
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CHAPTER 1 


INTRODUCTION 

Froth flotation is one of the major achievements of 
modern times in the field of extractive metallurgy. Since its 
inception in the early part of twentieth century, it has been 
responsible for overyielmingly increased production of non- 
ferrous metals. It has made possible the mining of finely 
disseminated low grade complex ores vhich were once considered 
worthless for economic exploitation. 

Froth flotation operations involve a complex stochastic 
interaction between multiphase processes such as' particle . ^ ; 

suspension and dispersion, bubble formation and distribution, 
bubble particle collision, adhesion and levitation j particulate 
transport into froth and return 'to pulp and product reiTOval.- /'-:^ 
The phenomena are not yet completely, understood :and the' history ; 
of . flotation since its beginning is marked by the use of empi- 
rical 'rules of thumb' for process control, scale-up and design. 
Such a procedure always carries the risk that failure proba- 
bility grows rapidly with the scale of operation (Harris# 1973). 

The quantitative understanding of such an important 
process is therefore essential, %hich would lead to improvements 
both in metallurgical results and flotation , cell design. It 
also should lead to reliable methods for. scaling up of' laboratory 
and pilot plant results to full sise operations without the . need 
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for expensive and time consuming mill tests on commercial 
machines. Additionally this will also assist the automation 
of flotation cells and circuits as well as control by compu- 
ters (Arbiter and Harris# 196 2). 

Considerable research work on various aspects of flot- 
ation has of course been going on and the flotation process 
has indeed graduated from the state of being an art to a full 
fledged engineering science. Although attempts have been made 
to study the mechanistic aspects and fundamental physical 
chemistry of flotation process# kinetic models have proved more 
useful for process simulation and optimisation. Attempts have 
been made wi^th limited success to set up theoretical models . for • 
flotation and derive corresponding rate expressions from first 
principles. 

- Most 'of the kinetic cnodels are derived by applying the 
concepts and techniques of 'Chemical reaction engineering : ; 

(Arbiter and Harris# 1962) for a phenomenological analysis of 
flotation systems, while the use of analogue models may be 
questioned on theoretical grounds (Mika and Fuerstenau# 1968)# 
the kinetic description has been successfully used in simulation 
and optimisation of flotation plants (King, 1976). On account 
of the fact that the feed material comprises of billions and 
billions of particles varying in size, mineral content# hydro- 
phobic! ty etc.# it is but rational to associate a distributed 
rather than 'a single valued rate constant with the feed material. 
In literature# one can find many mathematical models incorporating 
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this feature (Keisail, 1961J Pogorely, 1961i Imaizumi and 
Inoue, 1963; Vv'oodburn and Loveday, 1965# Inoue and Imaizumi, 
1968# Mehrotra, 1973# Kapur and t-iehrotra, 1973). However, a 
rigorous study to analyse the dependence of the apparent flot- 
ation rate constant distribution on different process and 
equipment variables has not been made yet. Present thesis is 
an attempt in the direction of filling this gap. 

Before doing the experimental work an extensive review: 
of literature' on flotation kinetics was carried out. This is 
summarised in Chapter 2 of this thesis. Semi-batch experi- 
ments were carried out on an ore sample from Malanjkhand 
Copper Deposit# under various experimental conditions# using 
Leeds Open Top flotation cell. The variables studied included 
particle . size# -pH.# collector 'and ■ frother quantities# impeller ■ 
speed and aeration rate. The details of raw material s ' used, v , 
experimental set-up and experimental procedure are presented 
in Chapter 3. The results are presented and discussed (Chapter. 
4) in the li^t of how the cumulative rate constant distribu- 
tion is affected under various process and equipment conditions. 
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CHAPTER 2 

FLOTATION KINETICS - A REVIEW 

Extensive work is reported in literature on the study 
of flotation process. This technique has been studied from 
many angles. Adsorption, contact angle, infrared and other 
such studies have thrown light on the physico-cdiemical factors 
affecting flotation vhile modelling and kinetic studies have 
led to a better understanding of the process and reasonable 
predictions (Harris, 1973). In addition, considerable work 
has been done on flotation network synthesis and optiraisation, 
scale-up and design of big industrial cells# automatic control 
of flotation circuits etc. It is beyond the scope of this 
present study to cover all these areas. So a brief review is 
presented below on itwDdel ling and kinetic aspects of flotation, 
which pertains to the present study. 

The mathematical description of flotation as a rate 
process was first given by Garcia-Zuniga (1935), w^o on the 
basis' of, experimental • data inva:-' semi-batch: ^process,, reported ; 
that the material remaining in the pxalp decays exponentially 
with time. Since then a number of kinetic equations and model 
have .been proposed,.' ^ In this review, : these models, have' been, 
discussed in more or less the same chronological order, which 
is reflected in the increasing degree of their sophistication 
id vil xd»::;:::one ;v,,ino.dei::ut<:> 




5 


2.1 KIMETIG MODELS BASED ON CHEMICAL ANALOGY 

Taking the analogy from the chemical reaction kinetics 
Beloglazov (1939J proposed that the rate of decrease of material 
in pulp witii time is proportional to the amount of material in 
pulp at that instant, i.e. 

■ l|it .). ^ - K^C(t) (2.1) 


where is the apparent flotation rate constant and C(t) is 

O. , 

the concentration of solid particulate species in pulp, 'fhe 
first order kinetic form probably led Grunder and Kadur (1940), 
and later Plaksin et al (1956) to adopt the law of mass action 
in chemical kinetics for their equations* A more general rate 
expression was given by Arbiter and Harris (196 2) , as 


dC(t) 
dt ^ ^ 


N n. 

- K* x C,^(t) 
i-1 ^ 


( 2 . 2 ) 


.th 


where is : the concentration in pulp ^ of i species, n^^ is ; : ■ ■ 

till 

the order of reaction with respect to i ' species, and N is,' ^ 
the total number of : species in the system. Assuming only two 
constituents -in to namely solid particles and air bubbles, 

and "air . supply to: be constant, "Eq* 2, 2 reduces ; to ■ ; ■ 


dC(t) 

dt 


K C 
-a 


n 


(2*3) 


where K_ and n are the overall rate constant and order of reao- 
tioa respectively* Schuhmann (1942), pointed out' that for n • 
the rate constant has toe same dimensional significance as 



6 


that tor the first order chemical rate equation. However# 

Mika (1969) pointed out that the analogy between flotation and 
chemical reaction rate equations arises from the use of the 
terms# such as rate constant and order of reaction and other- 
wise these parameters as such have no physical significance 
except when n « 1. 

There has been some contjroversy in the literature regar- 
ding the value of n in Eq. 2. 3. Unity for n was recommended by 
Garcia- Zuniga (1935)# Beloglazov (1939)# Grunder and Kadur 
(1940)# Schuhmann (194 2)# Volkova (1946), Sutherland (1943), 
Morris (1951), Brown and smith (1953), Jowett and Safvi (1960), 
Modi and Fuerstenau (1960), Imaizumi and Inoue (1961), Chi and 
Young (196 2), and Kapur and Mehrotra (1973), vhereas Arbiter 
(1951), Hxakki (1953), Mitrofanov (1953# 1954), Bennett et al 
(1958) and Suwanasing and Salman (1970) proposed a value of two. 
Various other values have been assigned to n by Bogdanov etal 
(1954), de Bryun and Modi (1956), Horst (1956# 1958) and Volin 
and Swarai (1964). Plaksin et al (1956) asserted that it would 
be incorrect to sisaxixm a ' constant value for :n during the ; entire ? 
period of flotation# because conditions and forms of the miner- 
alized bubbles undergo change during the process. Kakovskii 
(1954) and Krokhin (1956) divided the vhole process into several 
stages and described each stage by a separate equation. 

Examination of non- first order systems led Pogorely 
(196 2) and Tomlinson and Fleming (1965)# to introduce the con- 
cept of free and inhibited flotation. Free flotation results 
^hen the bubbles are only sparsely ' loaded with mineral particles 
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and this can be described by first order rate equation since 
it is likely that conditions and forms of mineralized bubbles 
remain constant* In inhibited flotation bubbles are saturated 
with mineral particles to the extent determined by the surface 
capacity to accommodate particles# or its lifting power. 
Pogorely (196 2) gave generalised 'equation for both the systems# 
which reduces to first and zeroth orders in low and high concen- 
trations of solids in pulp respectively, 

Although treatment of Eq. 2,3 with n as greater than 
unity has been reported by many workers# the first order treat- 
ment (n ■ i) received the widest approval. The integrated form 
of Eq, 2. 3 is given as ' 

-K t 

; -C(t) » C(0) ,e * ( 2 , 4 ) 

vhere C(0) is the initial concentration of material in the pulp* 
According to this# a plot of ln(C(t)/cCO)) versus time t should 
be a straight line# xhidh is seldom the case. This could be 
due to the implicit assumption made in deriving Eq, 2.4 that 
the solids in ; the ^ 'feed: are homogeneous# i.e.#, :all of : them 
possess similar :flotation , properties, Morris (19 52) ; ras^iified: " 
the Eq, 2, 3# incorporating an additional ■ parameter" 'C^#, as-^ 

and Bushell (196 2) justified C . with the argument that the feed 
contained in addition to floatable material# a certain amount 
of material that would remain in pulp without floating even 
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after infinite flotation time* Ihis fraction of material 
represented by has »* 0, similar observations were also 
made by Cooper (1966), On the other hand# Jowett and Safvi 
(1960) pointed out that was merely an empirical parameter# 
whose actual behaviour did not correspond to the true terminal 
concentration and# moreover# instead of being strictly a miner- 
alogical variable# it apparently represented the hydrodynamic 
nature of the test cell as well as the flotation diemistry. 

Extending the argument further the flotation feed 
could be assumed to contain material with varying values. 
This becomes the basis of distributed rate constant models# 
which will be discussed later, 

Krokhin (1975# 1980)# developed a kinetic model and 
simulated the batch flotation of mixtures of quartz# galena, 
schellite# barite etc. He, also supported the earlier’ view of 
Plaksinetal( 1956) that the flotation rate constant decreased 
during the course of a flotation; test by a : factor of 2-5# and’ : 
the lack of linear; relation was due to size difference of ^ 
floatable material,; ^ Xu : ( 1985)'# ; using a ■ kinetic model#; ■ :COUld . 
arrive at the required tank ' arrangement# column: height ;< 9 tc,;- - ;'■■ ■■ 

2* 2 -V'PRDBABILI:STIC: AND: STOCHASTIC :KlliETIC ’rC>DELS; ' ^ ^ 

Schiihmann (1942) introduced probabilistic concept in 
describing the flotation process. The overall probability of 
flotation of a particle# P^# may be eseptes'sed in terms of the 
probabilities of collision (P^,)# adhesion (P^) and the particle 
being retained by the bubble (P^)*' If all these probabilities 
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are assumed •co be stodiastically independent# then the overall 
probability# is given as 



( 2 . 6 ) 


The probability P„ was modified by Tomlinson and Fleming (1963)# 
as a product of tvo other probabilities and Pg, the probab- 
ility of levitation of the mineraliaed bubble from the pulp to 
froth phase and the probability of drainage from the froth 
respectively. Rewriting £q, 2.6# 



(2.7) 


The major drawback of this treatment is the questionable 
assumption of stochastic independence of all sub-probabilities. 
Similar approach was however# adopted by many workers (Bogdanov# 
1954# 1965; Kei sail# 1961; 1974# Davis# 1964) . A simple form 
of probability moctei was used by Kelsall for a battery of conti- 
nuously operated cells in series.: - The : mass of material 
leaving in tailings after passing through n compartments in 
series was-given- as#., : / • 


% « Mg.(l - 


( 2 . 8 ) 


where .'Mp i.s,..;the mass of material- ‘in feed. Kelsall - also :: augg^' '' V 
ested a graphical procedure to evaluate P^. Davis applied 
this approach to model industrial plants floating lead and sine 
sulphide minerals. However as pointed out by woodbum (1970),; 
the main objection bo this model was that it failed to take 



into account the increase in residence time per cell dowa -a 
consequtive ceil bank, which resulted in gradual increase in 
probability of flotation, 

Bodzinoy (1965) developed a stochastic itKjdel for flota- 
tion, according to vhich che flotation could be described as a 
so-called "Simple Death Process”, which reduces to the first 
order kinetics in the mean. Katz and Shinnar (1969) consi- 
dered flotation as a random phenomena belonging to the family 
of Markov processes. 

It can be shown that the simple form of probability 
approach is similar to the simplest form of the kinetic model. 
Even in delineation of more complex probability inodels and 
kinetic models, an area of overlap exists (Lynch et al, 1981)* 

2. 3 MULTIPHASE i'WOELS 

uuestioning the oversimplification by analogy to 
chemical kinetics, of a complex process such as flotation, 
involving separation of species in more than a single phase. 
Arbiter and Harris (196 2) proposed a kinetic model, in which 
the cell contents were partitioned between two phases of pulp 
and froth, 'The two phases were assumed to be ideally mixed, so 
the tailings provided a representative sample of the pulp and 
the concentrate, of the froth*. Material transport occurred 
across the boundary between the two phases in one or both 
directions* Any order of kinetics could foe accommodated (Harris 
and Riinmer, 1966), thouqfri first order kinetics was most favoured, 

According to this model, mass flow- rate balance rela- 
tionships can be written separately fe>r pulp, froth phases and 
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concentrate removal, respectively as followsi 





* - k H^(t) -t* h M^(t) 

(2.9) 

dt 

ft 

» k Mp(t) - (h +* 1) ^^(t) 

(2,10) 

dt 

dH (t) 
c 

*K 1 .*l^(t) 

(2.11) 

dt 


vhere i'i_, -•*£ and *‘i are masses of floatable soliis at time t, 
in pulp, froth and concentrate respectively, k, h and 1 are 
rate constants for material transfer from pulp to froth, frotii 
to pulp and froth to concentrate respectively. 

Solutions to the above three equations have been, 
reported for numerous special cases (Arbiter and Harris, 196 
Harris and Rimmer, 19661 including semi-batdii continuous flot- 
ation; step changes in input and output; no return from froth, 
h «« 0 and no removal of concentrate, M _ * 0, 

'w' ■ , , , 

Although this model was based on the questionable 
assumption that the froth phase al so was perfectly mixed, it ■ 
was, nevertheless, successfully used by Harris et al (1963) to 
correlate experimental data on continuous flotation of coal at 
steady state. Bull (1966) and Bogdanov et al (1970) have 
concurred witdi this approach. Ball and fuerstenau (1970) and 
Ball, Kapur and Fuerstenau (1970) have introduced the concept 
of distributed rate constant into this model. They tried to 
determine the rate constants for material transfer from pulp to 
froth and froth to pulp and to diatlngulsdi the flotation models 
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with distributed and non-distributed rate constants (Ball and 
Fuerstenau# 19? 4>, 

The two-phase model could be extended into a mixltiphase 
model by dividing the pulp and froth into several mixed phases, 
eadi with two-way interchange with its neighbours# allowing 
step-wise concentration gradient from phase to phase in the 
froth (liarris, 1966). This model “was opposed by many workers 
(wiemi# 19Doa# hoodburn and Loveday, 19o6i imaizumi and Inoue# 
1966) on the ground that for sufficiently fast rate of froth 
removal# the rate of return of material firom froth to pulp was 
negligible fand therefore two-phase models were not necessary. 
However# this point was criticised by Maksimov and Khainman 
(1965)# %ho observed that even for high concentration yields 
and with the use of reagents vhidi ensured a stable froth# the 
probability of particles remaining in the froth was much smaller 
than linity and the drainage rate increased with particle size. 

The two-phase model got wide acceptance on modelling 
of flotation circuits# because of its ability to focus on the 
critical' froth phase and because of the ease with which its 
mathematical expression could be incorporated into circuit 
equation ('Woodburn et al# 1976), :„This model was not very good- '• 
with respect to scale-up and ; it.- needs modification in order tO' 
describe transient effects in detail, A lot of work is being 
reported on the various sub-processes taking place in the pulp 
and froth phases. Transport behaviour in the two-phases# froth 
structure# entrainment and drainage have ail received much 
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attention recently. An exhaustive review of this model was 
done by Harris ^197d). 

Sadler (1973) derived a transfer function solution to 
the two-phase flX)del, Since he considered the simple two-phase 
model unacceptable for predicting continuous ceil dynamics# he 
developed a "bubble surface area model". Mass transfer in this 
model was based on the aitount of bubble surface available for 
particle attediment and its rate of introduction into the cell, 
rtStson anvl ^llen (19‘i3, 1914) reported that froth hei-.ght and 
the ratio of the masses in tJxe froth and in the pulp, both 
varied linearly with airflow rate, 

Greaves and Allen (1974) also supported the view of 
Harris et al (1963) that the rate constant h, in Eq. 2,9 and 
2. 10 was proportional to the feed concentration. They studied 
the two-phase model under steady state and dynamic conditions. 
Description of the steady state was generally satisfactory# 'but 
the model did not describe the transient state well , Cutting 
and Davenish (1975) developed a model of froth structure using 
a steady state type batch cell#' which can be used to predict the 
perfO'tmance of continuous flotation process, from batch tests 
and also to predict, changes in.' recovery and other ■ factors# vhen 
changes in froth level are made,. : 

Many authors considered different mixing regimes in the 
froth phase, Budiell (196 2) proposed that the rate of particle 
return from froth to pulp was proportional to the rate of 
particle transfer in the reverse direction, ^Cooper (1966)' and 
MlmwdL (1966b) csonsidered the froth' phase as the plug- flow regiioe# 
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contrary to the assumption of the tvio-phase ioodel. Xhey 
treated the froth phase to be horizontally homogeneous, but 
vertically distributed, i'lika (1967) compared both the plug- flow 
and mixed flow treatinents and showed that under certain condi- 
tions, Cooper's model reduced to two-phase model, i’^ioys (1973, 
1934) proposed models incorporating froth features such as 
froth stability, froth removal rate and the residence time ratio 
of the 'perfectly floatable' particles. Cutting et al (1981) 
observed that from batch data, tiie material transfer from pulp 
to froth could be estimated and the static froth concentration 
could be determined using their "equilibrium cell". They have 
discussed in detail (Cutting et al, 198 2) the importance of ^ 
froth structure in the prediction of plant performance using 
process models. 

The pulp phase was also treated as being made up of 
more than a single phase by Harris et al (1975) and Harris 
(1976a,b), Residence time measurements performed on laboratory 
machines showed deviations from ideal mixing. The impeller 
region was intensely mixed and it was wholly contained within 
the outer region ^ich, though less intensely mixed, still 
conformed to ideal mixing. Reversible interchange occurred 
between the two regions, but flow into and out of the c»ll 
occurred only via the outer region. Harris (1976b) discussed 
another model also, in %^ich feed entered into the system via . 
the impeller region. Feteris et al ('1987) combined the probab- 
ility and two-phase models to derive a relation between .the 
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overall flotation rate coefficient and probability that a 
particle-bubble aggregate survives the cleaning action of froth# 
which depends on the depth of the froth phase. 

2.4 KlbEXiC MODSLS BASED ON MECHANISTIC APPROACH 

Mechanistic inodels break the complex flotation process 
into a nximber of sub- pro cesses taking place in the cell compe- 
titively or consequtively. The mechanisms of the sub-processes 
are treated from the basic physico-chemical xJJ^iuciples. Although 
some of these models are fairly complex to be of much industrial 
utility at the present moment# nonetheless# they provide an 
insight into the likely mechanisms of the process. 

Mineral particles are transferred from pulp to froth 
throu^ one or more of the following four mechanismss 

(1) Attachment of the mineral particles with the air 

bubbles in the pulp followed by transfer of bubble- 
, particle assembly ; to 'the froth. 

C 2 ) Mechanical straying of the mineral particles into 
’ ^ the froth: column. ' ^ A 

(3) v'Seiective precipitation';of; the gas dissolved : in 

water on the surface of mineral particdes# and : 

(4) Attachment of the mineral particles to the bottom 
of the froth column by agitation of the pulp. 

The last two mechanisms are not very important and the major 
fraction of the material transfer is through bubble-partid® 
aggregates, 

There has been a certain amount of controversy on the 
mechanism of particle-bubble attachment. One school of thou^t 
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(Taggart# 1948) is that; the bubbles grew on the surface of the 
particle after getting precipitated from the water. 'This has 
been criticised by £>ogdanov and Pilianovski (1940), and 3audin 
(1932), vho advocated "collision theory” in whida babbles 
passing through the pulp collide with particles and coalesce 
with them if the surface conditions are appropriate. Strong 
support for tne collision theory was provided by the experiments 
of Salozemoff and Ramsey (1941), Plante and Sutherland (1944), 
Spedden and hennan (1948/, .ihaian and Brown (1956), Klrchberg 
and Topfer (1965) and imaiztimi and Inoue (1965). Klassen (1945) 
proposed an intermediate mechanism in which a large bubble 
coalesced with a microbubble precipitated and attached to 
mineral surface. Smith et al <195?) and Klassen (1960) have 
reviewed the conditions under which gas precipitation on the 
mineral surface becomes important. 

The capture of a particle by a bubble can be thought 
of as occurring in a series of sequential stages, namely adsorp- 
tion of reagents on the surface of particles, collision between 
particles' and bubbles, attachment, partial detachment , o f 
particles from the bubbles due to gravitational and inertial 
forces, froth instability etc, 'The kinetic models developed on 
the basis of mechanistic approach incorporate one or more of 
these steps. 

First such model was put forth by Sutherland (1948), - 
in which the overall rate of flotation was equal to the product 
of three factors* the rate of collision between particles and 
bubbles; the .probability of adhesion after collision; and the 
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probability that detachment vfO'uld not take place subsequently. 
Assuming water is viscx5us and incompressible# and that particles 
and bubbles are both rigid spheres and incompressible, he 
calculated the first two factors. If the radius of the particle 

is r_, a stream tube could be chosen that surrounds the bubbles 

P 

as it rises and passes within the distance r^ from the equator, 
i-ill particles within the sureara tube ahead of the bubble are 
then potential candidates for capture, ihe radius of the stream 
tube at infinite distance from the bubble was defined as the 
“collision radius", r^, and was given as 

‘ 2 . 12 ) 

where is the radius of the bubble. Photographic observation 
by Spedden and Hennan (1948) showed that it was possible for 
larger particles striking the bubble to deform it elastically, 
Ihis deficiency was removed by Philippoff (1952) and Evans (1954) 
who independently postulated a bounce theory in ^ich role of 
inertial forces, was emphasised. Further modification to' this 
theory was proposed by Vvhelan and Brown (1956). On the other 
hand# empirical correlation reported by Langmuir (1948)# Herne 
(1960)# Ranz and Wang (1952) on collision of particles seem to 
be consistent with the results • of "Sutherland. Similar approach 
was adopted by Bogdanov et al (196'5) to calculate the probabi- 
lities of collision and adhesion* Derjaguin and Dukhin (1961) 
regarded the appjcoach of a particle to a bubble as occurring 
in three zones* the zone 1 being outside the range of molecular 
and diffusional forces# contained particles acted upon purely 
by hydrodynamic forces# the zone 3 comprises the area very close 
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to the surface of the bubble in 'vrfnidi forces of molecular 
origin predominatedf the zone 2 was between the zones 1 and 3 
in which diffusional effect could be important. They showed 
that the particles in this region experienced a ' diffusiopho- 
retic* force. Lyman (1974), while acknowledging the existence 
of this force, showed that with simple Gouy-Chapman theory of 
double layer, the dif fusiophoretic contribution vanished, 
jj'lint and nov.arth (1971) evaluated the collision efficiemcy of 
a particle with a bubble from the consideration of a particle 
trajectory as a function of particle size and hydrodynamic 
conditions prevailing in the cell. Although this study provided 
a qualitative understanding of the .collision phenomena, its 
extension in quantitative sense, to a system of swarm of bubbles 
was not satisfactory. Reay and Ratcliff (1973) also calculated 
the collision efficiency of a very fine particles wherein 
Browmian diffusion would be the dominant capture mechanism. 
However these two works suffe.r because of ' the oversimplification 
of the hydrodynamics. Collins (1975) modified the hydrodynamic 
factors and calculated the collision -efficiency.. Ibe ' hydro-.^ 
dynamics of the bubble was studied by many other workers also 
(Harper, 1972# Levich, 1962). 

A rate equation based on analogy between adsorption and 
mineralization of. air bubbles was derived by Matveenko (1957). 

A more detailed and structurally complex phenomenological model 
was proposed by Mika and Fuerstenau (1963), wherein each 
elementary rate process was formulated in terms of linear first 
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order differential equation for individual discrete size part- 
ides and bubble species. Although this iBodel clearly identi- 
fies and elucidates the basic steps in interphase transfer of 
particles# its practical utility remains to be demonstrated, 
uater neynman continued the same argument and' considered 

flotation as a multistage process# taking place in the pulp and 
froth. However this model had limitations in that it led to 
comijlicated equations difficult to solve without making simpli- 
fications. hoodburn et al (1971) have proposed a kinetic model 
for a continuous flotation cell# in vtiidn the rate constant was 
derived as a function of partide size, mineralogy# and the 
tailings flowrate. Aeidenberg et al (1965) attempted an 
analysis of the flotation kinetics by use of a multivariate 
distribution of the particulate entitles in particle size# 
degree of liberation in individual size fractions and floata- 
bility for a given size and mineral composition, Kapur and 
Mehrotra (1973) proposed a kinetic model incorporating the 
bubble-particle attachment and detachment sub-processes. They 
treated the flotation feed as being distributed with respect, to 
the bubble-particle attachment rate constant# K and derived an 
explicit relationship between K. and the overall flotation rate 
constant# These authors were the first to stipulate condi- 

tions under which first order kinetics would indeed be valid# 
Langler and doffmann (1974) developed a mathematical model, for 
flotation similar to the kinetic model of gas adsorption on 
solids# The rat© of flotation depended on the gas-liquid inter- 
face and the area covered on the- solid* Flint (1974) developed 
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a rno'iel ’.-.’nich included material transfer steps in the sub- 
processes. Rubinsntein and iilippov liy?D) derived the proba- 
bility of a particle collision with a bubble on the basis of 
binary collision theory by considering the inertial settling 
and the effect of consumption of collector# the normal component 
of <..E. relative to the movement of particles and bubbles and a 
steric factor characterising the relative position or particle 
and bubble during collision, .'^nfruns and Kitchener (1^16) made 
measurements of the rate of capture of single particles of 
strongly hydrophobic# surface-methylated quartz and compared 
the results with the theoretically calculated values. Rulev 
et al (1977) derived equations in mono- and poly- dispersed 
systems based on capture efficiency of a single bubble with 
regard to the effect of the adjacent ones. Samygin et al (1977) 
applied a multi-stage model to analyse the experimental data on 
pyrite flotation, 'rhey explained the dependence of floatability 
on the bubble diameter as being due to the hydrodynamic capture 
cross-section of particles. Jameson etal( 1977) reviewed the 
various physical factors affecting the flotation process. Meyer 
and Klimpel (19Q3) coupled the mechanical removal of froth by 
paddles with the more rapid physical and chemical interactions 
taking place in the bath, szatkowskii and Freybergar (I985a#b) 
constructed a mathematical model based on three important pheno- 
mena* collection efficiency# rate of bubble coalescence in 
flotation pulp and the buoyancy or lack of it# of the ndneral,- 
laden bubbles. They argued that the flotation kinetic equations 
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should not. be written in terms of time but on quantity and 
properties of the air bubbles that are introduced into the 
pulp. They derived an equation 

M » expjpCFAi’^vJ (2.12a) 

where was the amount of floatable material in pulp before 
the introduction of air, i-l was the amount after litres of 
air was passed, and ifui, flotation air factor, a constant 
similar to the ordinary flotation rate constant, Laplante et al 
(1933a,b, 1984) determined the bubble size distribution and 
flotation rates in a specially designed batch flotation cell, 
as a function of air flow rates and frother addition. They dev- 
eloped a model considering the effect of bubble size on the 
total bubble surface area and bubble-particle collision effici- 
ency. woodbum and vnallin (1984) proposed a model in which the 
flotation rate constant was decoupled into kinetic effects on 
the basis of aeration rates,and equilibrium effects that repre- 
sent the inherent distribution of a solid species between an 
air interface and the continuous pulp phase. 

2, 5 KINETIC mDSLS WI'TH DISTRIBUTED APPARENT RATE CONSTANT 

it was mentioned in Section 2, 1 that just 'as the flot- 
ation feed could have floatable material with K, » 0, then it 
could also have floatable material with varying K_ values. 

Since the feed comprises particles distributed in size# mineral 
content# surface properties# hydrophobicity etc., it is only ,/ 
rational to associate a distrilmted# rather than a single rate 
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constant with the feed. This forms the basis for kinetic models 
under this heading. 

The simplest model based on this argiraent, put forth by 

Kelsall visualised two discrete floatable species in 

the feed# one fast floating and tiie other slow floating. The 

mass of floatable material F* (t), remaining in cell at time t 

p 

i s given by 


r4^^Ct) = exp(-K^^t) 1 “ (1 - jS)exp(-K^-t)J (2,13) 

where p is the proportion of slow floating species in the feed 
and K.^g and are the rate constants of slow and fast floating 
species respectively, ihe parameters Pt ^as ^af ^ ^ ' 

graphically estimated, 

Extending the argument, the feed can be thought to 
consist of a number of floatable species with different K_ values, 

O. . . 

such that the amount of i floatable species with 

rate constant and if is normalised 


n 

Z 

i»i 




M 


1 


(2.14) 


where n is the total number of. species. Eq. 2.13 now tran.s- 
forms to 


M (t) 

.|r ■ ■ 


expC-K^it) 


(2.15) 


Pogorely (1961) and Imaiziimi and Inoue (1965) were among the 

first authors to formally introduce this concept of variable and 

distributed rate constant, A method for evaluating K^. and 

' ' - ” ai 



corresponding was proposed by Imaizimii and Inoue (1965) 

and Huber- Panu (1965)# v^ich involved taking the asymptotes of 

the plot of In H (t^ versus t. Unfortunately the number of 

P 

species n is not known *a priori* and must be assumed arbit- 
rarily. Complete identification of the discrete distribution 
from noisy experimental data is a very difficult task. Black 
and Faulkner (197 2) arbitrarily assigned values to n and K_,. 

a.X' 

and evaluated in F-q. 2.15 by linear regression techni- 

ques. Ihis is essentially a curve fitting exercise and provides 
no insight into the structure of distribution. A large number 
of different equations can fit the data quite accurately and 
therefore evaluation of this manner is rather roean- 

ingless. Many authors ('I’ille and Panou# 1968; Woodbum et al# 
197,0; Huber-Panu# 1970) discussed the analysis of experimental 
data using discrete' distributed rate constant :models. 

The feed can also be thought to be consisting of float- 
able species continuously distributed in apparent rate c»nstant# , 
such that an absolute frequency function# explicitly 

representing the mass, of' particles with overall rate constant 
in the range K_ .to K_ :t die., since the rate of removal of solids 
from the pulp to froth phase is a time- invariant first order ; 
process# one can write 

dM (K #t) 

— *-KM(K,t), 0<K <«>c (2* 16) ' 

and solution to the above equation is 
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vcnere i:4^(K^, 0) * total material remaining in cell 
at time t is found by integrating the Eq. 2.17 with respect to 
K._over its full range. That is 

'■C|. 



( 2.18) 


Ir normalised, i4 (K^; becomes a true density function and its 

■ P ' ' 

value ranges from 0 to 1. In order to solve Eq, 2.18, one must 
estimate the density function a (K ) from noise corrupted 

: ; P ■ a 

discrete experimental data (t). A commonly used method for 

hr 

this purpose consisted of assuming a standard functional form 

for in Eq. 2,18 and determining the parameters of the 

P ' 

distribution from the experimental data. 

the simplest case, a rectangular distribution for 
was assumed by Huber-Panu (1964), and if ranges from 
0 to a finite maximum value solution to Eq, 2. 18 becomes, 

: am t -* 

v^oodburn and Ltoveday (1966) and Inoue and Imaizumi ( 
suggested a gamma distribution 'for CK^) and evaluatad the 
parameters by graphical methods, , Therefore if ; 





( 2. 2Q ) 


then-' 




( 2 . 21 ) 


Loveday (1966) observed that a better fit to experimental ' data 
was obtained with incomplete gamma distribution. Ball, Kapur 
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and Fuerstenau (1970) also used a gamma distribution for M (K^) 

p a 

and solved £q* 2. 18 using moments* iiarris and Chakravarty 

(1970) sximmarised a large number of distributions for M 

pa - 

and recommended a foimodal gamma distribution, ‘Ihey also pointed 
out that in Sq. 2,18, (t) is norhing but the Laplace transform 

ir 

of iH (K. ). Extending this obsT^rvation further Kapur arr-] ’ 

'■It 

Mehrotra (19/4) recognised than the problem of finding M (K ) 
is e..:uivalent to finding rne inverse of raulace transform in 
Eh, 2,13, Hence in the c'Bse of experimental data of x'i.(t), 
the inverse must be computed by numerical means. Unfortunately 
numerical inversion of Laplace transform is not an easy task, 
and success is not alv?ays assured, especially in the presence ■' 
of experimental errors. This' iS' because' Laplace inverse is a 
very unstable operator, which implies that arbitrarily small 

changes in M (t) may cause very large changes in M (K^), 

P " ■ ■ ' ' ' ' P ' ^ .. , . 

Althou^ in the literature, a number of algorithms are available 
for numerical inversion of the exact data, they invariably 
become ineffective in the case of noise corrupted data, A 
simple method for the effective numerical Inversion of Laplace 
transform in presenca of experimental errors was pro'ixssed by 
Mehrotra (1973) and Kapur and Mehrotra (1974), In this method, 
the integral in Eq, 2, 18 was approximated by the Lobatto quadra- 
ture formula and the cumulative rate distribution was evaluated 
by optimising a least square objective function, Zeidenberg's 
(1965) model , ba sed on ■ mul ti variate' treatment had a ' drawback ' " " 
that neither the conditional distribution in mineralogy for a 


grain size, nor the floatability as a fuaction of particle size 
and mineralogy, was known. However, Aoodburn et ai (1971) 
showed that even with a limited extension of first order treat- 
ment on the lines suggested by ^eidenberg et al offers signi- 
ficant advantage for simulation and control of flotation circuits, 
King (1372) extended this further and applied multivariate 
distribution model for kinetic analysis, of a flotation circuit, 
.duber^ri- anu (1976) presented a general mathematical model taking 
into account the size distrioution of feed material, the distri- 
bution of Eloatabilities in eacn size class and the mode of 
cell operation (batch or continuous). 

2.6 Klhiiia'iCS OS' i’LOirt'riOH liSi A CulfllKUOUSLY OPERATED 
if'ijU T aT XQIi4 CEDD 

Most of the models discussed so far were developed for 
semi- batch flotation operation. A semi-batdi flotation test 
does not, however, represent the actual continuous flotation 
cell, since the mineral and reagent concentration keep changing 
witdTi time and steady state is never reached. Ihe semi-batdi^^ 
testing was therefore .criticized. by Brown ' and smith' :(1953) rand : ; 
they strongly recommended continuous flow testing for modelling 
and simulation. The merits and demerits of both semi- batch and 
continuous operations were discussed by Arbiter and Harris (196 2), 
woodbum et al (1970) and de Bryun and Modi (1956). 

The recovery of a mineral in a continuously operated 
cell is governed not only by the 'distribution of rate constants# 
but also by the retention time of particles in the pulp , 



27 


volume# viiich depends on the type of mixing or flow regime, 
ihe simplest case is the plug flow# wherein all the particles 
spend an equal amount of time in the cell before exit. From 
the aspect of residence time distribution or internal mixing 
of solids# a semi-batch flotation cell is equivalent to a 
theoretical continuous compartment with plug flow (Lynch et al# 
Xhe other extreme condiuion is ideal mixing where 
complete homogeneity exists over the entire volume or the cell 
and# in such a ceil# ail one .material has an equal probability 
of leaving the reactor, For a continuous cell with perfect 
mixing, the residence time distribution is given by exponential 
distribution (Levenspiel# 196 2), Thus if E(t)dt is the fraction 
of particles with a residence time of t to t ♦ dt in the cell# 
then Eq, 2,18 becomes 

■ ■ « ■ 

M^ct) - J / M (K^) E(t) exp(-K^t)dt dK^ ( 2. 22) 

■ ^ : o o P ® ® ® • 

Many investigators have approximated the continuously operated 
sub-aeration cell to a perfect mixer (Woodfoum and Loveday#^^^ 

1966J: ioveday, 1966* ■ woodburn et -al# 1970; Jowett, 1961* Nierai v 
and Paakkinen# 1969 ) , However hiemi (1966a) observed that 
although liquid phase could be assumed to behave in a perfectly 
mixed flow,, in the case of solid particles# particularly big 
particles# the assirnption required modi fications. : He; further-" 
added that even if solid particles were apparently perfectly 
mixed# their mean residence time differed from that of liquid , 
Ehase. 
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In a significant contribution Woodbum et al (1971) 
and .-ehrotra and Kapur (19 75) showed that gamma distribution for 
;.-(t) gave better results than exponential distribution. 

Mehrotra and Kapur (1975) applied distributed rate model for a 
continuously operated cell and suggested a method to estimate 
rate distribution, from .steady state data. Truly speaKin. 3 , the 
pjlug flow and perfectly mixed flow are two ideal cases and 
tnese seldom represent the real systems, ihe total volume in 
real compartments often appears to behave as the summation of 
small volumes -with perfect mixing, plug flow and stagnant (dead 
volume) characteristics. , ihe effect which mixing characteristics 
may have on flotation behaviour due to changes in residence time 
distributions is quite significant (Lynch et al, 1981). 

Mehrotra and Saxena (1983) observed that in a continuously 
operated flotation cell, only a part of the cell volume behaves 
as a 'perfect mixer, the remaining being dead. ' This effective . v 
volume, which behaved as a perfect mixer varied with variations 
in operating oonditions. Arbiter and riarris (196 2) and Bull 
( 1966 ) considered the flotation behaviour in a number of cell 
in series and have shown that if there are w perfectly mixed 
isolated compartments in series, and 'if the mean residence time ■ 
•c per compartment is constants then the fraction of ; floatable' ' 

'till 

material in . the; N cell will be .given- as: ; :, ; 

Jhonson (197 2) consi-dered back-mixing between the isolated 
industrial oompartments. Thottie (1973, 1976) used the 
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mechanistic approach to model industrial sulphide flotation 
circuits. A lot of work is reported in literature on modelling 
of industrial flotation circuits# development of flotation 
circuit simulators# network synthesis etc. ‘ihese being outside 
the scope of tnis study# are not included in tn is review. 

2.7 Bi'ii'uCi’ Qi' PRUCBSS Uh j'Lu'iAi'IQN 

2.7.1 Brfect of -■ieagents 

aotn the structure of the collector molecules and its 
concentration affect the flotation rate by influencing the: 
particle- bubble attachment rate. Ihe effect of collector 
concentration on the flotation kinetics was studied by Beloglazov 
(1939), Schuhraann (194 2) and Inoue and Iraaiztcmi (1968). These 
studies showed that both recovery and flotation rate Increased • 
with the increase in collector concentration. Howevar# this is 
achieved at the cost of selectivity. In order to maximise 
recovery# most industrial flotation circuits are, operated, at- 
saturated collector dosage;, but 'the effect of collector 'bas to ;:\ 
be studied only by experiments^ no predict^^ can be made *a 
priori'. 

In the case of frother#. Bennett et ,al ( 19 58); ; Showed; , ' . • 
that the increase in frother quantity caused increase -dn ; the 
number of bubbles with simultaneous reduction in the average 
size and enhancement of flotation rate resulted. Lynch (1981) 
attributed this increase in flotation rate to enhanced rate of 
water transfer from pulp to froth. 
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2.7.2 Effect of rteration Rate 

Kany people reported that trie overall flotation rate 
constant increased with increase in air- flow rate (inoue and 
imaiaumi, 1963; Eewari and i^iswas* 1969), Bennett et al (19 58) 
pointed out that the enhanced aeration rate could lead to 
increased flotation rate only if the distribution of bubble size 
did not change, because the maximum flotation rate was achieved 
with larger number of smaller bubbles, Mehrotra and Aapur 
(1974) reported that flotation rate distribution function 
remained unaltered, but the argument of the function, the 
apparent rate constant got rescaled with diange in the rate of 
aeration, Laplante et al (1933b) also observed that the overall 
flotation rate constant increased with increasing air-flow rate 
(AFR) and decreasing froth thic)?ness. As AFr increased, the 
total bxibble surface also increased, viiich caused the increase 
in flotation rate. However, increase in afr also increased the 
overall bubble diameter, which caused a decrease in flotation 
rate. This resulted in the flotation rate constant passing^^^ ^ 
through a maximum as AFR was increased. 

2.7.3 Effect of Particle Size 

it is very well known both by laboratory experiments 
as well as by industrial experience that, particle size has a ^ 
profoiihd effect on the flotation behaviour of minerals. Mineral 
recovery is optimum only for a certain size, range, and is decref- 
ased beyond this 'range. The effect of particle size has been 
studied very extensively and reviewed by Trahar and Warren (1976) 
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and Irahar (1981). Gaudin (19 3 2) observed that selectivity 
was best for larger particles and decreased continuously with 
decreasing size. But even with larger particles the recovery 
was found to decrease. One reason for this decrease is that 
as the particles becomes larger# the density of the bubble- 
particle aggregate approaches that of the pul^j# so tua ruineral- 
laden bubbles are less buoyant, Xhis should, however# occur at 
much larger particle sizes than that, at which the recovery 
starts decreasing (Jafneson et al# 1977^, .-oodburn et al (1971) 
proposed a mechanism of particle detachment from the bubble# 
due to the hydrodynamic conditions prevailing in the cell. 
Attempts were made to explain the effect of particle size on, 
recovery using the probabilities of collision, adhesion and 
detachment. In the case of very fine particles# the probability 
of collision is low because these have a tendency to follow the 
stream lines, and also due to their low momentum, with regard 
to the effect of particle size on flotation rate constant, 
Tomlinson and Fleming (1965) related the rate constant to the 
particle diameter in a simple way# as 

■ , (2. 24); ■' 

where q is a constant for a particular mineral. 'The exponent 
X is 2 for apatite# hematite and galena, and 1 for quartz, for 
a size range of 20- 200 pm. Combining the probabilities of 
collision, adhesion and detachment# woodbum et al (1971) 
proposed an expression for the overall rate constant as a 



function of particle size# and hydrodynamic parameter as 


2 

** 
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where i\igi is a function of the degree of hydration of particle 
of grade g# and it depends on the : mineralogy of the particles 
and its surface treatment wich the collector. *dehrotra and 
ivapur (19?4, 1975) split the overall rate constant as 

^ : C ?. 76) 

where jS is an unsisecified function of weighted mean bubble size 
and hydrodynamic conditions prevailing in the pulp and depends 
on the rate of aeration, irj vu) is a function of particle size 
only and K® depends on the particle characteristics such as 
grade and hydrophobicity. Changing only one of the variables, 
either aeration rate or particle size, they have attempted to: . 
solve the Eq, 2, 26 using self- similar distribution in appropri- 
ately rescaled apparent flotation rate' constants- I'rahar i'1981) 
observed tiiat there exists a;' clear. and fundamental. 'relationship 
between the 'degre® of hydrophobicity .necessary to effect 
flotation and the particle size- 



33 


■OiAPTER 3 

Mai'£Rl;-»L3 aKD MEl'HODS 


The details of the materials# experimental set-up and. 
the methods used for this srudy are presented in this chapter 
and discussed, 

3, i 'I'lfii'iittijxLi J 

3,1.1 Cliaracteristics ox Ore' darnple 

The ore sample for the present study was received from, 
the country's largest copper deposit at t'lalanjkhand# Qistrlct ■ 
Balaghat, Madhya Pradesh. The <x>pper values in the ore are 
distributed in a number of sulphide and oxide minerals. The 
ore sample, labelled as 'medium oxide ore sample*# was reported 
to contain 6-8 percent of total copper values in acid-soluble 
form. 

Detailed petrographic analysis# (Table 3,1)# indicated 
that the host rocks of ore mineralization and associated rocks 

:S 

were granites# aplites, meta.basic rocks and quartz veins 
(Padmanabhan et al# 1986; ..>iaraslmiian and Rao, 1986). All these 
rock types showed hydrothermal alterations. The metabasic 
rocks have been extensively chloritized and were also occasio- 
nally veined by quartz. The sulphide mineralization was mostly 
confined to the quartz veins# though sporadic mineralization 
was observed in the adjoining granites and roetabasics. It . 
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coul'i be seen rirom Table 3. 1 that the sample contained less 
than 2 percent of copper values in the form of oxides (cuprite, 
tenorite and malachite). Chalcopyrite is the main copper 
bearing mineral accoxanting for 63 percent of raetal values. 
Chalcocite and coveilite are formed by secondary alteration of 
chalcopyrite and together account for 33 percent of the total 
copper values. The theoretical pure mineral grade for this 
ore sample was found to oe 4 2. 2 percent Cu. 

Chemical analysis of carefully drawn representative 
samples gave 1. 4 percent of total copper. iTonitoring of bene- 
ficiution experiments was carried out by the assay ox total 
copper only. 

3.1.2 Chemical Reagents Used for Flotation 

The flotation experiments were carried out using 
sodium isopropyl xanthate as collector and methyl isobutyl 
carbinol (Miac) as frother, sodium isopropyl xanthate was 
suppl ied by M/ s rtceto eJiemi cal s. Cal cutta and the frother# 
T41BG, produced and supplied by M/s National Organic Chemicals 
Limited (NOCIL)# Bombay# was obtained as a free sample from 
M/s iiindustan cine; Limited.- 

The xanthate was added to the flotation pulp in the 
form of one percent solution and MIBC was added in drops from 
a dropper. . ^ 

For carrying out flotation experiments at alkaline pH#' 
sodium carbonate (AR) and sodium hydroxide (GR) solution were 
used as pH modifier* 



TABLE 3.1 


''lineralogical Composition of the Ore Sample 


Mineral 


t 

1 

I Weight, 

I Percent 

1 

1 

1 

- 1-.- 

1 

» 

I Distribution 

J of Cu, 

1 Percent 

f 

...J - , , , 

Quartz and Feldspars 


93.67 


Ferroma<gnesian Minerals 
(Chlorite, Ciotite etc.) 


1 . 52 


Other Transparent Minerals 
(rtpatite. Cal cite. Topaz etc. > 

0.02 


Opaques 




Chal copy rite 


3.03 

65. 1 ' 

Chal cocite 


0 , 55 

27.8 

Covellite 


0.13 

5. 3 ' 

Cuprite 


0.02 

1.1 

Q4alachite 


0,02 

0 . 7 ' : 

Pyrite ■ 


0,58 


Magnetite and Other 
Oxides 

Iron 

0 . 46 


Total 


100.00 







Jm2 J.'»i j. I'lLi 

3.2.1 Batch Ball Mill 

All the grinding were carried out in Denver La’^oratory 
batch bail mill with a ball charge of 20 kg occupying about 
40 percent of the inside mill volume. The mill revolved at 
about 3 5-90 rpm. The feed material along \%dth the re':.:uired 
a.i'iouai: or water was fed through 'die feed opening of che .aill 
and it was run for predetermined duration of time after closing 
with its lid. After grinding, the material was discharged 
along with the balls and was passed through 35 mesh sieve after 
removing the balls. The finer fraction was taken for' flotation ' 
experiments. 

3.2.2 deeds Open Top ^dotation Cell 

Flotation experiments were carried out in Leeds open 
top flotation cell. This cell with closed and open tops# was 
developed by C.C. Dell (Dell and Bunyard, 1972# Dell and Hall# 
1981)# at the University of Leeds# , U.K., and has a num'ber of 
advantages over the conventional flotation cells. : It is poss- 
ible with this cell to achieve a hi degree of reproducibility 
of test results . {Apling and -Ersayin, 1936) , and: this accuracy 
is obtained by an excellent control of four important variables# 
(i) impeller speed# (ii) air flow rate# (iii) pulp level and 
(iv) froth removal. 

The flotation set-up is shown in Figure 3. 1. This cell 
essentially ' consists of a plexiglass chamber of about 3 litre 
capacity mounted on a base.: Impeller shaft enters the chamber 
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FIGURE 3.1 


schematic Diagram of Leeds Open Top Flotation 


Cell. 
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from the bottom through proper seals and drain water traps. 

The impeller is a circular plate with vertical fingers fixed 
along the circumference, Air is discharged through a separate 
tube near the impeller fingers# where they are finely divided 
and dispersed, kir flow rate is controlled by a flostat 
controller and measured by a “Tlaton* gapmeter. The pulp 
level is maintained constant by addition of reagent water from 
an overhead reservoir, and water addition is controlled by a 
solenoid .valve activated by a pressure diaphragm at the side 
of the ceil body# a pressure pot and low pressure stabiliser 
unit. The impeller speed is accurately monitored with a 
thyristor controller and a digital tacho display. The froth 
removal is facilitated by the open-top design# vhich provides 
an unrestricted access to the cell top. The froth depth can 
be increased by increasing the height or the cell with plexi- 
glass sections. However# there was a recurring problem of the 
shaft seal at the bottom of the cell getting worn out leading 
to leakage of slurry from the bottom, 

3. 3 . EXPERIMENTAL TECHHTyUE 

3.3*1 Feed Preparation 

The ore sample when received was distributed in the 
size range from 50-60 mm pieces to very fine particles. The 
whole sample was stage crushed; in jaw and roll crushers to get 
a product all passing through 6 mm screen. For the purpose of 
future reference a representative sample was drawn from this 
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crushed material by coning and quartering. Ibe remaining 
material was stored in a container tor use as the teed for all 
batch experiments. 

The general strategy adopted for the preparation of 
feed for flotation experiments is mainly as followsi One kg 
of the crushed material was 'ground in the laboratory batch ball 
mill, described in Section 3.2.1, at a pulp density of 67 per- 
cevit solids (water - 300 ml) for a specified duration of time, 
since the mill product contained a few coarse unground parti- 
cles, which may jam the im-peller' in the Leeds cell, these were 
removed by passing the mill product through 35 mesh sieve. The, , ' 
finer fraction was floated in Leeds cell. Figure 3. 2 gives the 
details of the experimental- procedure. 

3.3,2 Semi-batdh Flotation iixperiments 

ihe mill product was allowed to settle and after decan- 
ting the supernatent water, it was transferred into 'the Leeds ■ 
cell. A pulp sample was drawn after thoroughly suspending 
the material for estimating the particle size distribution of 
the flotation feed. Required artount of sodium isopropyl 

xanthate was added and conditioning was carried out for 4 mlnut»s. 

# ' , , . , ^ . ■ ■ 

Then i4IBC was added in drops and the conditioning was continued 

for additional one minute before aeration was started. At the 
end of the five minutes air was let in at a specified rate and 
froth collection was started after giving a 15 sec. froth build 
up time. In general flotation .was carried out for a' total' time 



CRUSHED ORE 1 Kg 


4- 

WATER 50 0 ML, 



F7 FS TAILS 


tMin. 7-0 2-0 

Zt 150 17-0 


FIGURE 3,2 General Scheme of Batch Experiments, 
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of 17 minutes, with the addition of reagents and conditioning 
once again after initial 8 minutes of flotation. Xhe pulp 
level was maintained constant by the addition of reagent water 
from an overhead reservoir through the pulp level control-valve 
mechanism of the Leeds cell. 

The float was collected on incremental time basis to 
generate kinetic data. Xroin the starting time of froth collec- 
tion, the float was coilecte?d separately at the cumuleitive 
times of 0,25, 0.5, i.U, ?.0, “i.C, o.O, 15.0 and 17.0 minutes 
(see Figure 3,2) and the float fractions were termed Fl to F3 
respectively, -ill the float fractions were dried, collected 
and weighed. Later these were sampled by coning and quartering 
after breaking the lumps and these samples were chemically 
analysed for total copper' content using 'iodimetric method, A 
summary of batch test conditions and variables studied is shovm 
in Table 3,2. ihe experiments are^ listed with respect to the' ' 
variable studied,' 
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•TABLE 3. 2 



summary of 

Experimental 

Conditions 


Sxpt, 

; Grinding 

1 

1 Xanth, 

1 

1 

{pH 

1 

1 RPH 

! ' 

1 ' 

I Airflow 

Re'mar'ks 

Ih O 0 

I -rime 

1 

1 

I Drops 

1 

t 

} Rate ' 



J min 

1 ml 

■1 

-.1,-,,.^ ^vT-, -T-r 

1 

1 

1 

-..-I- - - 

1 

-.1 - - 

f 

1 

• 

• 1pm 

-f.., „ T - - -T-r- 

, 

2 

5 

7 

' 3 ' ■ ■ 

7 . • 

700 

3' 


4 

■' '5 

1 

■ 3 ■ 

7 

.. 700 

; ■ 5' 

Replicate 

2 4 

S 

1 

. 3. 

■ 7 . 

700 

5 ' : 

19 

a 

1 

3"' ' 

8 

10 

1 

7 

7 

■ 3 . 

3 

.■ 3 

7 

7 

7 

700 

700 

700 

5 

5 
, 5 

Grinding 

I'iine 

12 

, . 5 

4 

■ 3 

7 . 

700 

5, . 


13 

S , 

9 

3. 

7 

700 

5 

Xanthate/ , , 

14 

.5, ' 

: 12 

.. 3 ' 

■ ■ 7 

700 

,3 ■ 


15 

, 5 

^ 7 

5 


700 

■ S 

S’rother ■ ' 

5 

5 

7 

■ 5' 

9m5> 

700 

' '3 , 


6: : 

' , ''5':,; 

7' /' 

5' ■ ; 

10,5 

700 

.''S';;-' 

17 


7 

■ s 

7 

900 

'3 

,RPM p'- 

27 

, ' \. .5 

7 

■■ ,5,. 

. 7 

1000 

:• ,5 ■■■■.; 

16 

: :5 

^7 

■5 , 

■' ,7 
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■ Airflow : ■ 
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5. ■ ' . 

7 
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7 ■ 
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7 
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„5. . 

-35flOO 

29 B 


7 
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■■ 5 
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, 7 " : 

700 

3'' 
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7 : ■ : 

700 
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RESuLTo ' DiSGUSSlOI^ 

The results of semi-batch flotation experiments 
conducted on Malanjkhand copj^er ore using Leeds open top 
flotation cell# with various process and equipment conditions 
are presented# analysed and discussed in this chapter. Initi- 
ally# the general method adopted to analyse the experimental 
results is described# followed by the resixlts and discussion. 

;An alternate transformation for use in tiie data analysis is 
also described. 

4.1 KApLRlhfihTAL RESULISh 

The batch experiments carried out as described in the 
previous chapter yielded the weii^t in grams of various product 
fractions and their corresponding copper assays, irom this raw 

data# the material balance was computed in the following manner, 

flu ' ' ' 

llte: wei<^t percent ' of ' i. , ' ■■product fraction is given a'S;; ,; 

: m - X 100 ' ' ; 

£ W^ 

i«i 

where is the weight in grams of product fraction and n 
is the total number of product fractions. The cumulative 
weight percent is given as 
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4.2 ANALYSIS OF EXPERlMfii4i*rtL DhTA ' 

since the feed for all the batch e>q?eriinents was taken 
from the ore- stock stored in a container# there was a sli<^t 
variation in the back calculated copper assay of, the feed from 



Results of a Typical Batcdi E3<periment 
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experiment to experiment. To nullify the effect of this vari- 
ation on flotation behaviour, , the v. were normalised with 
respect to the feed grade. This normalised concentrate weight, 
terined as 'unit weight* is defined as 

Unit weight * — = ,(4.6) 


^ 9 -! 

i=l ^ ^ 


unit weight thus r6prese.nts tne \«igat of concentrate that 


would be obtained if the feed grade were 1 percent metal. 


The results were analysed using a distributed rate- 
constant kinetic model. As mentioned in adapter 2, the total 
material remaining in the pulp at time t can be written as 
(cf. £q, 2. 18) \ ^ . , ' ■ . 

Mp(t) ' ; J .Mp(K^) exp(-K^t)dK^ . (q. 7)'" , , 

where mass,',- fraction of particles ; with apparent 

overall rate constant in .-the 'xahge', K;, ■ to k, + dK^, The objec- 
tive is to estimate the A_(K^) from the experimental data# 
M^(t), at discrete flotation time intervals, 

rts it has already been established (liarris and Chakra- 
varty, 1970# Kapur and nehrotra, 1974i that d (t) in Eq. 4.7 

■■F 

is nothing but the Laplace transform of w^lK^) and therefore 

M (K ) is the inverse of the Laplace transform. In the case 

pa 

of discrete experimental data Mp(t)# this inverse must be 
computed by numerical means,' But the numerical inversion of 
Laplace transform is not an easy task and the problems ' 



associated with this inversion have been highlighted elsewhere 
(Kapur and Mehrotra, 197 4). Since the inverse of jjaplace 
transform is a highly unstable operator, even slight errors in 
the experimental data give erroneous results if conventional 
methods of inversion are used. So a nuitierical method developed 
by Kapur and Hehrotra il974), which can tolerate reasonable 
amount of errors in rhe experimental data# was used to estimate 
the rate constant distribution, details of this method are 


given in .-ippendix Al, 

One of the important features of this technique is 
that the rate distribution is evaluated in the cumulative mode. 
Let R(K,) be the cumulative distribution function, such that 

a 




dR(K_ ) 

■ dl . 
ca. 


(4.8) 


Substitution of Eq, 4.8 in £q, 4.7 followed by integration by 


parts gives 


R ( t) » / .expi-K^t j dK. 


where MpCt) « ~ 


(4,9) 
(4, 10) 


H computer program was developed to evaluate H(K-g^) using the 
technique ■ described in Appendix .Al, ihe inputs to the program 
were the experimental recovery values (D^^) as a function of 
time. Since the efficiency of the inversion technique is good 
only yien a large number of input data points are used, ■ the 
additional data points were generated by plotting D ^- against t 


48 


and reaching out values at the intervals of 0.2 5 ininutes 
froin the plot. In order to establish the validity of this 
technique, R{K^i values# estimated by the inversion technique# 
were used to back calculate the values. In all the cases# 
a very good fit was obtained. Table 4, 2 gives the typical 
results of one of the experiments. 

4. 3 riiiriUL'I'S D DluCu33l0i’4 

4,3,1 Reproducibility of -Test :-.esuits 

Prior to carrying out the actual ejqjeriments to study 
the effect of different control variables on the flotation 
performance# replicate experiments were performed using Leeds 
cell to determine the reproducibility of test results, some 
typical results of these experiments are shown in Xable 4,3, 

A reasonably close agreement was obtained indicating a good 
reproducibility comparable to reported results (Liddell and 
Dunne# 1984# rtpling and Lrsayin# 1986), Comparative studies on 
the reproducibility of test results obtained from Leeds cell 
and conventional Denver cell have been carried out in this 
iaooratory (Mehrotra and Singh# 1987)# vhich indicate chat a 
better reproducibility is obtained with Leeds cell . sood 
reproducibility of experimental results in our^ case is attri~;;, • ■ 
buted to the positive control.-of airflow rate# impeller speed# 
pulp level 'and finally to the unrestricted access to the cell" 
top In Leeds open- top cell, ■ The standard deviations wore found 
to be smaller than those reported' for Leeds * Autofloat* 
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TABLE 4.2 

Comparison between Experimental and 

Calculated Values of M (t) 

P 

Expt, No, 24 


Time# min 

t 1 

t t 

f \^^^exptl. i 

1 ' . ' 1 


0.0 

1.0 

1.0 

0.25 

0. 700 

0.700 

0, 5 

0.594 

0, 596 

1.0 

0.530 

0,520 

2.0 

0,437 

0.452 

4.0 

0.368 

0.370 

3.0 

0.270 

0.274 

- 

" ^^^^^exDtl ^^'^^model] 

2 

- 0,0054 c 
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closed- top flotation ceil, indicating the supremacy of open- 
top design, 

4,3.? Effect of Grinding i'lrns 

Experiments were carried out to determine the affect 
of grinding time on the flotation behaviour of copper rnirierals. 
Gri.nding was performed in .the lalaoratory batch ball :Tiill for: 

3, 3 , 6 and 10 minuces and the flotation of the groun-] material 
was carried out as described in Section 3.2. The particle size 
distribution of the feed, ground for different durations of 
time are given in Table 4 . 4 , Then the grinding was Increased 
from 3 to 10 minutes# the amount of -200 mesh material in the- 
flotation feed increased from 47, 5 , to ai.l percent. The 
material ground for 5 minute.s had about' 24 percent of ■ it passing 
through 325 mesh sieve, .The results of experiments carried out. 
at different grinding times are presented in Table ; 4. 5. The 
copper recovery values are 'plotted in Figure 4,1 'against flot- - '; 
ation time under different conditions of grinding time. It can 
be seen ' that the flotation' behaviour is far superior in ' the , ■ : 
case of material ground for ' 3 "minutes# vFi ere the araiouht of " 

-200 mesh material is only 47,5 percent, out as it increased ' 
due to grinding for longer durations of time, the weight 
collected (unit weight) and the cxtpper recovery both decreased 
considerably indicating that the fines did not float well. The 
experimental data was analysed using distributed rate constant 
kinetic model and the flotation rate distributions were estiror- 
ated as described in section 4,2. The cumulative rate 
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TABLE 4.4 

Particle Size Distribution of Grotmd Ore 


Grinding 



Cumulative weight Percent 
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Time 
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3 min 
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] 5 min 
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j , : - 
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1 

...1 ' 
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100.0 
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93.3 
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Effect of Grinding Time on Flotation Recovery 
(Xanthate 7 ml; MIBC 3 drops; rpm 700; 
pH 7; Air flow 5 1pm), 


FIGURE 4. 1 



distributions are plotted in Figure 4«2» The frequency rate 
dis'cribux.ions, evaluated by numerical dirferenuiation of 

O 

are sdov,Ti in Figure 4.3. Though numerical dif zerenuiation is 
in general less accurate, a qualicative idea can neve ran el ess 
obtained as to how the frequency rate distribution changes 
with grinding time. It can be seen that the raaximuiu flotation 
rate, decreases as grinding time is increased, addition, 

the area under the peak increases indicating tnat the fraction 
of particles with low rate constants increases with che grinding 
time, thus explaining why flotation behaviour gets deteriorated 
as grinding time is increased. This phenomenon is indicated 
in Figure 4,2 also, wnere the meidian flotation rate 
i.e. the flotation rate at which is 0.5, also decreases 

'O- 

drastically with increasing grinding time. 

It was reported earlier (Faumanabhan et al, i9o6j that 
liberation of valuable minerals' in this ore was complete even 
at a coarser grinding, .any ■ further .grinding only led ^ to the. , 
preferential grinding of the softer copper minerals in compa- 
rison to the very hard quartz host rocks# . and eventual. 'loss' of 
copper recovery' in the subsequent ■ flotation stage. 

The above e^speriments necessitated an inquiry into the 
dependence of flotation behaviour on particle size which was 
carried out and' is described' in the next section. 

4,3.3 Effect of Particle Size 

Flotation experiments -were carried out on different 
sized fractions of ground material to find out the effect of 
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particle size on flotation behaviour. The grinding v;as done 
for 5 minutes and adequate number or batches of crusaod ore 
were ground in order to get sufficient: material in each size 
fraction to maintain the same pulp density during flotation. 

The ground ore was classified into three size fractions, namely 
-35flOO, -100+200 and -2 00 mesh, and, these were separately 
floated under the same conditions icf. 'Table 3.2, '''x'pt. 19 ), 

The experimental results are given in 'Table 4.d and tae unit 
weight is plotted against flotation time in Figure 4.4 for 
different particle size fractions. It may be seen 'chat the 
unit weight of the rloat increased drastically as the size 
became finer. The recovery- flotation time plots shown in 
Figure 4. 5 indicate that the copper recovery increased .when 
the particle size was ciianged from -35+100 to -lUD+200 mesh, 
but decreased on going to finer size, -200 mesh. The same 
information is obtained from Figure 4. 6 vFierein recoveiry is 
plotted as a function of particle size. All these indicate 
that as the particle size was reduced,' more material started 
floating by entrainment, as shown by increase in 
weight, and selectivity was getting lost as shown by the^^^ ^ 
decrease in recovery from -200 mesh material. The distribution 
of copper values in various size fractions and the amount 
recovered from each size are'' 'shown in the bar-chart. Figure 4,7. 
The recovery of copper from the -100+2 00 mesh material was 
almost 100 percent while it was 87 percent from -35+100 meah 
size. On the other hand, it was only about 70 percent from 
-200. m®A size# wherein 75 percent of copper valiies occur. 
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FIGURE 4.4 Ef feet ^ of Particle Size on Weight Floated., 
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FIGURE 4.6 Effect of Particle Size (recovery-particle 
size plot) . 
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FIGURE 4. 7 Bar-chart Showing Distribution and Recovery 

in Different Size Practions. 



Although percent recovery was very -good in coarser sizes# the 
copper distribution was much less than that in -?0Q mesh frac- 
tion, so this vividly explains the flotation behaviour that 
was observed in the previous section. 

It may be seen that the -100 t 200 size fraction# from' 
which the copper recovery is extremely good# gradually decreased 
from about 30 to 15 percent (i'able -1,4), when grinding time was 
increased from 3 to 10 minutes. Similarly the amount of -35+100 
size fraction, from which the recovery is still very ..lond, 
decreased rapidly from 23 to 3 percent with increase in .grinding 
time. On the other hand the amount of -200 .mesh material from 
which the recovery is rather less# increased from 47. 5, to 31.1 
percent with increase in grinding time. Reduction in the 
amounts of -35+100 and -100+200 mesh size fractions# from which 
the recovery is good# and the increase in the aiiiount of -200 
mesh material from which the recovery is poor# both explain 
the experimental observation in which recovery decreased with 
grinding time (Figure 4, li much against the common belief that 
increased grinding produced.-more liberation and hence# higher;, ■. 
recovery. 

It can also be seen .th.at ".when .grinding time was in ere-:;, 
ased from 3 to 5 minutes the amount of -200 mesh material 
increased from 47.5 to 67.5 percent (Increase by 20 percent)# 
but from 5 to 8 minutes# it did not increase much (only by 5 
percent) and again fix>m 8 to 10 minutes the increase in the 
production of -200 mesh material was about 9 percent, 'ihis 
phenomena is reflected in flotation behaviour# as shown in 



r'igures 4.1 and 4.2. Ihe recovery and ohe rate dictribution 
curves for 5 and 3 minutes are lying very close. 

xn tnis case also, kineuic analysis was done and the 
flotation rate distributions estimated (Figure 4.3} showed 
tnat “100t200 mesh material had higher amount of fast floating 
species, as evidenced by the highest value of /v^(u,5.- for this 
siae fraction. For both -crve coarser and finer fracticr.as, the 

values were less. Half of the -200 mesh rna re rial had 

a ' 

the apparent flotacion rate conatanc less than about. 0.5 
(Figure 4 ,c 5J, mehrotra and Hapur (107 4) observed that the plot 
of i\^(0,5^ versus particle siae exhibited a diaracteristic peak 
in tne intermediate size range and this present study confirmed 
it. 

4. i, 4 Effect of pli 

oince the flotation behaviour of various minerals is 
affected by pulp pti. experiments were conducted on the ore 
sample at three different pH" conditions. In; all these experi- 
ments the grinding was done for 5 minutes, 'ihe natural pH of 
the pulp without the addition, of any nradifier was found to be 
7, bodium carbonate (AR) and sodium hydroxide (GR) were used 
to get pH values of 9.5 and 10,5 respectively. The results of 
these experiments are presented' in Table 4,7, The recovery- 
time plots are shown in Figure 4.9' for the three different pH 
conditions. It could be seen .that the pH has a profound effect 
on the copper flotation. There was an improvement in recovery 
with increase in pH, There was no significant .increase in the 
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FIGURE 



4.8 Effect of Particle Size on Cumulative Apparent 
Flotation Rate Constant Distribution. 
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FLOTATJON TIME, MIN 


FIGURE 4,9 Effect of pH on Flotation Recovery 

5 min; xanthate 7 ml# MIBC 3 d: 
rpm 700; air flow 5 1pm }, 



v.'oijnt Eloated with pH, indicating an improve merit in grade 
and >ience in selectivity, 

ihe flotation rate discribution estimated by tne model 
analysis is shown in Figure 4, iu for different pii conditions. 

'ihe rate distributions shifted towards right with the increase 
in p.., indicating an improvement iri flotation rate as the pH 
was increased, 

4.3,5 Effect of Xanthate /-iddition 

In order to study the effect of collector dOBi:;f=* on 
tne flotation behaviour of copper minerals, experiment 5 were: 
carried out with xanthate quantities of 4, 1, 9 and 1 ? ml of 
1 percent solution, i-ill the other conditions were maintained 
at the same level, ihe results of these experiments are presen- 
ted in iable 4.d and the recovery- flotation time plots are ; 
shown in Figure 4. 11, The copper recovery consistently improved 
when the xanthate quantity was increased from 4 ml to 12 ml. 

In the case of weight recovery, a substantial increase was 
obseirved vdien xanthate was ■ increased from- 4 to. 7 ml, .-yrter- , ■ : 
wa.rds the : increase did not: result' in any significant 
the weight floated. In order to find out if any further 
increase in xanthate quantity would bring about improvement in 
flotation behaviour, recovery values were plotted against 
xanthate quantity for different flotation times and are shown 
in Figure 4,12. It may be seen that at the end of 17 minutes 
(Rougher * Scavenger), the recovery has already stabilised. 

For other flotation times# 'th'e recovery is in the process' of 
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4 ; 10 Effect of pH on Cxinvulative Apparent Flotation 
Rate Constant Distribution. 
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FIGURE 



.12 Effect ofXanthateQuantityCrecovery- 
xanth ate quantity plot) , 



getting stabilised and further addition of xanthate v/oul'i not 
significantly produce any increase in recovery, 

I'he flotation rate distributions are shown in Figure 
4.13, With increase in collector quantity, the distributions 
of flotation rates were shifted significantly towards riaht, 
explaining the observed ' flotation behaviour, riowever, rhe 
distribution for 9 ml xanthate did not show this trend i shown 
in Jo'cted lines), i'his coulcl be only due to the cDv.i.oa experi- 
mental error encountered in semi-batch flotation tests on 
account of the possible difference between the experi.tmntal and 
effective flotation times inarris and Chakravarty, Ul'Ji, It 
may be seen from Table 4.8 tfiat while there is a definite 
increasing trend of weights floated, with the increase in 
xanthate addition, it is different only in the case or the. 
experiment with 9 ml xanthate Cdxpt, 13) and it has teen 
already mentioned that R(K_) is highly sensitive to i-bCt) values, 

■ . ■ a ■ ; p' ■" 

4,3,6 'iffect of brother hddi.tion 

All the batch experiments were normally carried out 
with the. ■•addition of frother "being' 3 'drops of I'lIBC, In order 
to see if an increase in .fro'ther- dosage would affect the flot- 
ation behaviour, an exploratory experiment was conducted with 
S drops of MIBC," The results ./are' 'presented in Table 4.9, There 
was improvement in both weight of the float and the copper 
recovery. However with 5 drops of HIBC, initially the froth' 
thickness was very small and scraping was difficult. This 
difficulty lessened after some time when the frother concentra- 
tion sufficienUy decreased by froth removal from the liquid-aiir 
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TABLE 4.9 

Effect of Brother Quantity on Flotation Behaviour 


Float 

Fraction 

„ , - - 

Cum. 

’lime 

min 

Ctam, Unit Weight 

Cum. Copper Recovery# 

Expt. 

4 

; Expt. 

{ 15 

Expt. 

4 

1 , 

{ Expt. 

! 15 

1 . 
t 

.......1 - 

Fl 

0.25 

1.3 

1.8 

28.9 

45.4 

F2 

0.5 

1.8 

2.6 

37.8 

58.3. , 

P3 

1.0 

2.4 

3.4 

44.8 

67.4 

F4 

2.0 

3.3 

4.6 

52.1 

73.7 

F5 

4.0 

4.9 

6,3 

61.3 

79.2 

F6 

8.0 

7.7 

8.3 

70.9 

84.5 

MIBC, drops 

3 

s 

3 

/Os: 


interfcic®* Ihe variation of flotation rate distribution due to 
increase in frother quantity is shown in ?i:iure 4.14. ’ h'> 

distribution shifts towards right v-;ith the increase in frother 
and it becomes less sharp indicaring rhat the frothsT, also 
increases the proportion of slow floating species .'ue ro loss 
in selectivity, 

4.3.‘i .-.ftect of impeller Speed 

ihe impeller speed affects the dispersion of _,-.ir'cicles 
and air bubbles in the flotation cell and increases prob- 
ability of bubble-particle collision. In sub-aeration rype 
flotation cells# the snaft rpm bears a direct relation to the 
aeration rate also, beeds cell ■ provides an excellent control 
over tnis variable and the effect of rpm on flotation behaviour 
can be studied reliably and accurately. Experiments were 
carried out with three different impeller speeds# 700# 900 and 
1000 rpras. ihe results of the ^3e experiments# given In Table 
4.10, show that when the rpm was increased from 700 to 900, 
the copper recovery increased (Eigure 4,13) but the change from 
900 to 1000 rpm did not produce any significant increase in 
recovery. 'Ihe recovery- rpm. plots (Figure 4.16) also prove this 
observation and Indicate .that: any-; further increase in rpm would 
not improve the copper recovery. Very high rpm may have detri- 
mental effect as hiij^ turbulence will lead to breakage of 
bubble- particle assemblies resulting in lower recoveries. 

The flotation rate distributions for these experiment# 
are shown in Figure 4*17. Ihe rates improved initially when 
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FIGURE 4.14 Effect of Frother Quantity on Cumulative Apparent 
Flotation Rate Constant Distribution, 
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FIGURE 



4 15 Effsct of rpni on Flot3tion Rscovsjry (grinding 
time S min; xanthate 7 ml; MIBC 3 drops; 
rii 7; air flow 5 1pm) , 




FIGURE 4. 16 Effect of rpm (re 
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FLOTATtON RATE CONSTANT, MIN 


FIGURE 4 . 17 E f f e ct of rpm on CvHnul ati ve Apparent 

Flotation Rate Constant Distribution 
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the rpm was changed from 700 to 900 rpm and in the second step- 
increase in rpm, there was no change in flotation rates, 

4,3.8 Effect of Aeration Rate 

Aeration rate is an important equipment variable, which 
has been receiving much attention recently, especially in 
simulation using multiphase kinetic models. Froth character- 
istics depend very much on aeration rate, increase in aeration 
rate increases the flotation r.-itc (Aehrotra and Ka].yo.r, 1974), 
However, Eaplante et al (1933/ rc -ported that as air flow rate 
was increased, initially the 5;lotatio^^ rates increaned, but 
later, decreased after passing through a maximum. 

Experiments were conducted to study the effect of 
aeration rate on the flotation behaviour, ‘Ihree diffs/rant air 
flow rates# 5# 7 and 10 l.pma v/cre tried and the re cult ej are 
presented in Table 4.11, There v?as a consistent increase in 
weight floated and copper recovery with aeration rate (Figure 
4, IB). The flotation rates were improved throughout the range 
of aeration rate atudicHl, in line with the observations of 
Kapur and Mehrotra (1974) (Figure 4,19). 

4, 3,9 Flotation Rate .DistributiQns of Rougher, Scavenger 
and Cleaner Feeds 

do fair it has been the common practice to assume that 
the flbating characteristics of particulate species during 
various stages of i; flo.tation namely, roughing, scavenging and 
cleaning, remain,': the .eatne# .'Ho|weyer#:\ 'because o £'\varyin.g ;;n,at,ure: . 
oi "feed ' materials#;' ^ varying enyironraental:; conditlohs; ; in 'ybe;::..'. 
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FIGURE 4*18 Effect of Aeration Rate on Flotation Recovery 
(grinding time 5 min; xanthate 7 ml; MIBC 
3 drops; pH 7; rpm 700), 
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FLOTATION RATE CONSTANT, 


FIGURE 4,19 Effect of Aeration Rate on Cumulative 
Apparent Flotation Rate Gohstant 

Distribution, • 
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different stages and varying operating conditions, there is 
reason to believe that the floating characteristic.a of parti- 
culate species in these various stages vill not be tVir? same* 

To establish this fact, batch experiruents simulating tv;o rough- 
ing, one scavenging and one cleanivi.) stages vvcre carrio?d out. 

The roughing and scavenging experiments wex'e carried 
out in the usual manner, xvith the experimental conditions aa 
mentioned in Table 3,2 for Expt, 2 5, nut changes v/ere mavis in 
the mode of float collection, according to which tiic collection 
was done in three time batches aa foliowsJ 

0-4 aiin Kouptuar 1 

4 - 8 min Rougher 2 

8 - IV min Scavenger 

in each time-batcii, the float v.’as collected on incremehtal time 
basis to generate kinetic data, ha in other cases aster 8 
minutes of flotation time (i,G^., after Rougher 2), reageiit 
conditioning was done (xanthate - 7 jol of 1 pc-ircent solution, 

3 drcpa of Hide and conditioning ;:or 4 minutes with xanthate 
and for one more minute after the addition of MIbC), and subse- 
quently, the flotation was contiaued. The material balance was 
computed on the overall basis (Table 4, 1 ? ) as well as on the 
basts of different stages. The cleauer flotation was carried 
out by refloating the floats obtained during the roughing 
stages, in order to maintain die same pulp density in cleaner 
Slag also, as in roughing stages/ sufficient amount of 
float (or feed to cleaner stage) was collected, from . a number 
d.£ '-ba ten ©a of ^ rougher - .flotation, , about. . 5 ■batches; -were f pundvto-^ 
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TABLE 4,12 

Overall Material Balance for Expt, 25 


Float 

Fraction 

1 

1 

1 

1 

1 

1 

1 

1 

t 

Cum, 

Time 

min 

1 

i Unit 

! weight 

1 

t 

1 

1 

1 

1 

1 

1 

-r- -rf-r-t 

Copper 

Assay, 

Percent 

1 

1 

1 

t 

f 

1 

1 

1 

Copper 

Recovery 

% 

Fi 


0,25 

1.6 


22.33 


35.4 

F2 


0.5 

0.8 


14.77 


12. 5 

F3 


1.0 

1.0 


8.74 


8.3 

B'4 


2.0 

1.2 


6,50 


7.6 

F5 


4.0 

1.6 


4,43 


7.0 

F6 


4.25 

0,4 


3.90 


1,6 

F7 


4# 5 

0.3 


3.72 


1.2 

F8 


3,0 

0.5 


3.54 


1,9 

P9 


6,0 

0,6 


3.54 


2.2 

PIO 


8.0 

1.1 


2,95 


3.3 

Fll 


a. 25 

0,3 


6,85 


3.6 

PI 2 


8.5 

0.3 


4.92 


1.6 

Fll 


9.0 

0,5 




. ; 1.8 V ': 

F14 


10.0 

0.8 


2,72 


2.2 

FI 5 


12.0 

0.9 


1.97 


■Vv.‘1.8 

F16 


17.0 

0.9 


1.61 


1,4 

T 



39.7 


0. 168 


6.6 
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be adequate to get suiificient feed for cleaner flotation. The 
results of this experiment are given in Table 4,13, 

The flotation rate distributions for the feeds to all 
the jiour stages (two roughers, one scavenger, and one cleaner) 
were independently estimated and are shown in Figure 4.20. It 
!«ay be seen that the rate distribution curve for Rougher 1 
s'iiows the flotation rate constant to be distributod ovi^r a wide 
range, while that for Rougher 2 shov/s a narrow diatrlhu-cion, 
it is because most of the fast- floating species (anecihs v/ith 
higher rate constants) have been removed in the float, in the 
case Of scavenger feed, tiie flotation rate distribution should 
have been shifted more tow’ardis left from Rougher 2 curve, indi- 
cating the i^resence of only very slow floating species (species 
with very low rate constants) In tlie cell, dowever, auch a 
distribution was not obtained for scavenging stage siiaply 
because at the end of Rougher 2 stage, fresh reagent conditio- 
ning was done and this caused the distribution to shift towards 
right, and to appear in the r :>0 sit ion as shown in Figure 4,2 0, 
The rate constant: distribution of the feed to tVia; 
cleanei" stage is also shown in the same figure. Contrary to 
the - expectation, it was found tiiat the cumulative distribution 
curve for cleaner flotation - wherein about 70 percent of the 
total weight has floated - was lower than that for Rougher 1.; 

: it is' likbly duetto -ther fact;>'that ’.the ' percent c»ppef , .^ 
values D^ were used as input for thh Ppmput^^ 

ve'vaihatb: vthh ; rate -;dlhfefibutipri,p andpsihce-^^ 

are computed' with respect ^ •the total amount of copper present 
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TABLE 4,13 

Results Of Cleaner Flotation (Expt. 26) 


Float 

Fraction 

t 

1 

[ Cum. 

1 Time 
\ min 



I 

1 

1 

i 

t 

1 

i 

1 

1 

VJeight 

• 

. 

. .... . 

Copper 

Assay 

o/o 

i Copper 

1 Recovery 

\ «(« 

..t ^ 

FI 

0,25 


11,5 

25,91 

32,5 

■n 

0, 5 


4. 6 

25.78 

12.9 

F3 

1.0 


4.2 

24.51 

11.2 

F4 

2.0 


8.7 

16,64 

15.8 

P5 

4.0 


9.4 

9.91 

10.2 

F6 

8.0 


11.8 

5.27 

; 6,8. 

P7 

13.0 


15.9 

3.37 

. 5.8. 

F8 

17.0 


2.4 

2.3d 

■ .0,6 

T 



31.3 

1,19 

4. 2 : 
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FIGURE 4, 20 Ctutiulative Rate Constant Distribution of Feed 
^ ^ Stages 

..; V ; '(on ; total :C:opper basia).. 
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in the feed to that stage, there is not much difference in the 
value’s obtained for rougher and cleaner flotations. It should, 
however, be recognised that the raajor difference between the 
two stages lies in the concentrate weight, which is much higher 
in the case of cleaner. To resolve this anarnoly between the 
rate distributions for rougher and cleaner stages, tVia data w'as 
reahalysed usings (i) tiie total vjei./nt of the feed as the 


basin and. 

(ii) the total vk:?; 

ight of f loadable r 

iiaterial as the 

):.)asi.‘i. Th 

o results obtained 

tor these two caa« 

•'s are jo re rented 

'oelow. 





Kate Constant bistribution on Total 'Weight hasiss It 
was atterapted to estimate the rate distribution using the con- 
cent.cat 0 v^eight pejrcent. aa the input data, instead of percent 
copper recovery. This vjas done for a single set of data 
obtained for experime’nts wherein grinding time was varied (c£ 
dection 4.3.2) and, the reiiults are shown in Figure 4, 21* It 
can be seen that the trend, which was obtained in Figux'e 4.2 
is followed here as well but the curves are shifted to the 
bottom, due to the fact that the percent weight of material 
floated is much less in comiiarison to the percent copper reco- 
vered in any time interval. 

Hate Gonstaht uistribution on Total Floatable Haterial 
Basia: cince the feed in all. the experiments consisted of 

very large amounts of non- floatable material, it was de cideci to 
take into account the fraction of non- floatable material in the 
feed : separateiyi ■ ' ide dradified; ntut^ metho.d, ; proposed by ■ ' ' 

Kapur and dehrotra (19,7 4) was used, for this purpose. The 





important feature of this method is that it directly gives 
the amount of non“floatables in the feed. The results obtained 
for a few experimental runs, in vhich grinding time v;as varied, 
are shown in iigur© 4.22. In this case also it is sefin that 
the feed material ground for 3 minutes gave the highest rate 
and, the one with 10 minutes grinding, the lowest. 

i3y extrapolation ot trie rate distribution curve to the 
y axis (ratti constant - 0), the aniount of non~ floatable material 
in che feed can be obtained, it can be seen from tiia figure 
that the material ground for 3 minutes had larger atnouats of 
fast floating species, but had only a’oout 20 percent or t'ne 
total feed material as floatable, . as grinding time was incre- 
ased, the rate distribution curve shifts towards left iridica- 
tiny the decrease of the amount of cast floating species in 
the feed while the amount of total floatable species increased, 
nt 10 minutes grinding the floatable species rose to about 
42 percent fronr 20 percent for 3 iniautes grinding. 

Analysis of Rougher-dcavengc^r-Gleaner Sxpsrimenta on 
Total Floatable Haterial Basiss The results of the rouc/ner- . 
scavenger- cleaner experiments were reanalYsed using the tech- 
nique described above and the rate distributions were estimated 
(B’igure 4.2 3), The earlier anamoly of the cleaner curve being 
lower than Rougher T curve, has been removed in this case. 

The cleaner curve i s ■ much : :above the rougher curve . and ai so;. 
showed that the cleaner feed contained only about Id percent 
by ■■weight; as non-flpatable.; :^Th;e :hougher : 4 curve:bis similar: to :■/■.:■ 
cleaher.'Curye;..in' ■.■■shape .but. .has much ; higher ■■amouii4 ;Q.f ■. npn-.-:;.;.. 
.flbatables;V( almost :75;.percent) . in;.the:.ba;se'.of /Hbugher;. 4^^ 
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FIGURE 4.23 Cumulative Rate Constant pistribution of 
Feed to Rougher, Scavenger and Cleaner 
Stages (bn total floatable ■waight basis) 



cui've is shifted to the left and has still higher percent of 
non- rloatables (80 percent) as most of the floatable materials 
have been removed in the earlier stage. In tne case of sca- 
venger curve# the amount of non-floatatales has increased 
still further (85 isercent) , taut the curve is shifted upv;ards : 
because of reagent conditioning. 


-J , 4 4i,>l ai i:* r'Uj'itiOjj ij J.'' ijJ,;) '.j KjVi'ii 'ddi'i .’ii'I.-t'i JL Ui o'-i- RJ. BUI'ION 

in th<5 aulitorxcal inathod j.u;aposed by Kapurv dii'-l i-iehrotra 
(i:>'V4) to estimate the rate cosxstaat dist-ributlon# the r.ite 
constant t_ ia assumed to havi;.? «; rahye between 0 How- 

ever, physically it is haore aiyaaingful if the rtiaxirauui value of 
K, is soiiie finite value (K.. ,) and not infinity* in what 
follows is an alternate method of determining rate constant 
distribution in whicln t . is assuraed to vary betweeri. 0 and 

For varying be tv;een 0 and iiq, 4.9 is iViodified 
in the following manner. 

. : K 

.. ( fc ) aa 


am 


H ,(t) » S R(h„) exp(-iv..,t) HK. 


(4, 11) 


O 


To chatige the limit of the integral to -1 to +1 (as done by 
Kapur and Mehrotra) foiiowdng transformtation may be ccixrled 
.out. Let, 

■ ■ ■■2.W 


X » 


ti 


(4,12) 


'This satisfies/ the ■•requirement, ; that /when : .K^:, » ; O,.'; 'x,. should be . 
-1 and when K^ « x should be fl, Hubstitutioh of Eq, 4il2 
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am 
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• 1*1 

/ 

-1 


pamU X)' 
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.. 2 J 

exp 
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ax (4.13) 


Discretization using n-point uobatto quadrature gives 


(t) 

P 


v;nere 


laai L F(i) •» Fc-i) ^ 
2 



P ( X ) 


and 

It cian be siiown that 

i.*'(l) » 0 and 


« 1 


(4.14) 


(4.15) 


(4. 16) 


(4.17) 


Kovj ivg, 4, 14 becouies 


i4 ( t) 


am am 

n(n - 1) 2 


n-1 

i-3 ^ ^ 


(4.18) 


This equation can be solved lor b(x^) by any optimisation tech- 
nique, using the least square objective function ot the type 
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.1 


SiCt) - 


am 

HTn -” T)' 


am 


X 

‘r-' 


“i 


(4. 19) 


All the constraints that were applicable in the earlier treat- 
ment (AXJpendixAl) are applicable here top. A search for 
can be made to get the best fit. 

i'his transformation haa been incorporated in a suitable 
program and estimatlbri pf ii(i'^gj) has been carried out for a : ' 

number of experimehtsi i'^ith this transfofmatipn al so, a close 
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irit, comparable to the earlier method is obtained. The advan- 
tages of this transformation are that (1) it gives a more 
physically meaningful upper limit for apparent flotation rate 
constant# which can be obtained by a coarse# followed by a 
fine search and (2) the scaling factor# s need not bsj used. 
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CirlAVrER 5 

GO 0 GXj (J crj XO «.'i ^ > 


Semi-batch flotation e.M;oo;ciiaent 3 carried out on 
Walanjkhand copper ore, uying needs open- top flotation cell 
indicate that good reproducibility of test results is obT:ained 
V.d'Ui tlli;'.; cell. 

a.naly'3is oi: expax’imentai results v;ith the help oi": 
distributed apj>arent flotation rate constant-kinetic ;;\Q.:;lel show 
thav. it is not necessary ro asBUiae standard statistical distri- 
bution for the rate conrstants, it is confirmed t'nat actual 
distribution can be bbtaiiied in the cumulative fonti by the 
numerical inversion of Lapleico tt'ansfonn using Lobatto quad- 
rature formula and that this uiodei gives a very close fit with 
the experime-mtal data. 


As grinding time v;ag incraased, the copper recovery 
was found to decrease iviuch againsc. the common notion that as 


grinding time was increased, degree of liberation increased 
which caaseoi increase in recovery. On the other hand increased 
grinding caused the increased production of -200 mesh iftaterial 
from which the copper recovery is sub-optimal, 

Particle size affects the flotation behaviour to a 


great ' extent.- Out, pr three size ranges studied, -100+200 mesh ■ a 
size fraction gave: the maximuim copper recovery, which decreased 
bo th in CO a r ser : (-3 5+100 me sh ) and in finer fraction C+ 200 me sh ) . 
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Ihe flotation performance certainly improved when pH 
v^as increased. Higher recovery with better selectivity was 
obtained with increase in pA, 

V^lhen the collector quantity was increased from 7 to 12 
ml the recovery was found to increase and the results .showed 
that further increase in collector quantity would not improve 
the flotation recovery. Indicative experiment conducted with 
incx'eased quantity of frother indicated that coppjer recovery 
improved though v^ith the lofis of selectivity, 

dtudies conducted v;itj-i the increasing impeller speed 
inda.cate that the flotation performance improve-^d when the rpm 
was increased from 700 to 900 and reifiained constant on further 
increase. 

V.hen the aeration rate was increased from 5 to ID 1pm, 
the flotation behavioui- imrjroved throughout the range studied, 
Experiments conducted simulating the rougher- scavenger- 
cleaner stages showed how the flotation rate distribution 
varifeKl in all these steiges. liistimation of these rate? distribu- 
tion for these stages gave more maaningful results when the 
numerical inversion was carried out on total floatable raaterial 
weight basis using Legendre quadrature formula, taking into 
account the presence of non- floatable material in the feed, 
on alternate numerical method for determining rate 
constant distribution is prorxJsed, in this method it Is assumed 
that the rate constant h a range between 0 arid only and 

not G and oC as filmed by Kapur and Hehrotra, . 
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APPENDIX a;i 

In the method proposed by Kapur and Mehrotra (1974) 
the numerical inversion of the Laplace transform is carried out 
in the cumulative distribution mode. If R(K,) is the cumula- 
tive distribution function 

dR(K^) 

WpUy « - Ca,i) 

. . ^ 

Substitution of Eq, iwl in Eq, 4,7# follovjed by integration by 
parts# gives 

. <aa 

Fi^(t) « f exp(-K^t)dK^ ,(A.2) 

' O 

'Where ’■ 

: , Rp(t) « 

Eq, A, 2 is the cvunulative distribution analogue of Sq, 4, 7, By 
definition the Laplace trangfoCT is ; 

14. (t/s) » / H(K^) exp(~Kg^(t/s) (A, 4) 

where s is an adjustable scaling factor# (s > 0), The evalua- 
tion of integral was attempted by 3-point Lobatto quadrature# 
which has iimits -1 and 1. in order to use Lobatto cjuadrature# 
the integral in Eq, A, 4 has to be tfansformed suitably so that 
it will have limits - 1 and 1. do let ' 

' V. .'U' u*:/-.: ' ■ ' 

X *« 2 exp - 1 (A, 3) 
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Substitution of Eq, a, 5 in Eq. A, 4 gives 

?ip(t/3) “ ^ sr+“x ^ i)^”^ 


dx 


<A.6) 


Discretisation of the integral in Eq. a, 6 by n-point Lobatto 
quadrature gives 

r 

n~l 


. ‘’i .. s) w 

P 


3 


2 Hi J(Xi) 


(A. 7) 


where and are# resi^ectively the weights and abscissas of 
the Dobatto quadrature# given in Table Al, and 


where 


« L(Xj^)(x^ f 1)^”^ 


L(x. ) « kCs In “ — ^~-r ) 

X * **• 


(A. 8) 

(A, 9 } 


It can be easily shown that 

F(l) = 2^“^ and F(-l) 

Substitution of Eq. A, 10 in Eq. A,7 gives 


0 


(A. 10) 


H (t/s) Y A n-*! +-»i 

” n(n--i) ^ ^^2 ^"^i 


3 


Eq. A. 11 can be solved for L (xj^) and hence for since x^ 

and are related by Eq, A, 5 , using some optimisation tech- 
nique. A least square objective function of the following form 
was used 






iH 1 
: £ 

w^(t/s) 

■ 1 :X : 

' 't' i 

/ .,X / H I'li ■ 

S ' 

*" n(n-l J ~ tj 

V ■■■ 






E 


where is the , total nuntber of e?cperlil^^ data points and 
j, ' *riY:2# 




The Lo bat to quadrature formula v.'as chosen because it is exact 
at the two extreme points and therefore# the last constraint 
is automatically satisfied. The second constraint drastically 
narrovjs dov;n the region of search to that within the confine 
of two neighbouring points and prevents v/ild oscillation. In 
the present study Fibonacci univariate search was used to find 
out the best values of h (x^) and therefore In cases 

where cover the abscissa range of Interest# 

computations were repeated after suitable adjustment of scaling 
factor s. The optimisation was usually initiated with s equal 
to unity# and subsequently the scaling factor was changed if 
found .necessary, ^ 

In practice# the naturally occurring ores contain very 
large amounts of non- floatable material. In order to take this 
into account# the inversion method must be : suitably modified^ 
bet be the fraction of this non- floatable s in the originai 
|fOedf: 'ih: this baser t^ £q, ; 4#'? becomes' ■ . 

^ expC-K^tJ<Kg^ 
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Substitution of Eq, A, 1 in the above equation and integration 
give 

. oo 

H^(t) a exp(-Kg^t)dK^ (A, 17) 

where 

rUKjj) » (l~M«,)a(K^) (A. 18) 

Although Eq. A, 17 is sindlar to Eq. A, 2# it should be noted 
that R(0) is equal to an unknovra (l-ll^). 'ihua one of the end 
points corresponding to » i in Eq. A.lO is no longer pre- 
assigned# and therefore# the Lobatto quadrature cannot be used* 
Eq, A, 17 can be transforined into 

— i ^ r 

H (t/s) w y H s ln( 

P 't -1 

and the integral can be evaluated using n- point Legendre quad- 
rature formula, ihis method directly gives the anount or non- 
floatables in*’ the feed, ihe abscissas and weights of Legendre 
quadrature formula are given in Table A, 1* 
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TriliLE A, 1 

Parameters of Lobatto and Legendre uuadrature Formula 


Lobatto 

Ouadrature 

1 Legendre 

f 

4 ■- - - 

Quadrature 

Abscissa 

1 Voeight 

.... f 

1 Abscissa 

- rr , t - 

1 

t 

{ v-ieight 

1 

..-..I.:.-. . 

1,00000000 

0.03571428 

0.9603986 

0,1012334 

0.87174015 

0,21070422 

0, 7966667Q 

0,22233103 

0.59170018 

0.34112270 

0,32553241 

0.3137066$ 

0,20929922 

0.41245880 

0.18343464 

0.36268378 

-0.209299 22 

0.41245380 

-0,13343 464 

0.36268378 

-0.59170018 

0.34112270 

-0,52553241 

0.31370666 

-0,37174015 

0. 21070422 

-0, 79666678 

0.22238103 

-1, 00000000 

0.03371428 

-0.96 0 28986 

0.101 228 3 4 
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